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ABSTRACT 
Suffusion is an internal erosion mechanism, which means the transport of fine 
particles within the soil due to hydraulic interflows. With the objective to 
characterize this mechanism and to study a scale effect presented in literature, a 
specific centrifuge bench is designed. 
Test specimens of mixture of sand and kaolinite are compacted in rigid 
walled cells. The specimen height is selected according to the applied gravity and the 
chosen effective stress. After saturation, specimens are subjected to centrifugal 
acceleration and to a vertical downward flow under a constant hydraulic head. 
The effect of the applied hydraulic gradient is examined and the study 
underlines that the increase of specimen height induces the decrease of critical 
hydraulic gradient and the increase of erosion rate. A new energy analysis of tests is 
developed, linking the expended power to the erosion rate. This method permits to 
avoid the effect of specimen height. 
INTRODUCTION 
Under the action of water flow, grains constituting the soil of embankment of 
dams or dikes can be detached and transported. This process is named internal 
erosion and can induce the failure of hydraulic earth structures. The two main 
phenomena of internal erosion in uncracked soils are backward erosion and 
suffusion. This paper deals with suffusion which concerns only finer fraction of soil. 
The fine particles are detached and transported through a skeleton constituted by 
coarser grains. 
With a hydraulic approach, several authors have developed expressions that 
relate initiation of internal erosion to the critical hydraulic gradient. Sellmeijer 
(1988) proposed an expression of hydraulic gradient that is inversely proportional to 
the length of seepage path. Moreover Li (2008) performed tests with a large and a 
small permeameter. For a same type of tested specimen and identical mean vertical 
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effective stress, Li (2008) observed that the critical hydraulic gradient can be seven 
times higher with the small permeameter than with the large one. 
A program of centrifuge tests was performed on clayey sand to characterize 
suffusion process and to examine the scale effect on initiation and development of 
suffusion. The use of the centrifuge allows to vary the height of the soil sample 
keeping constant the hydraulic gradient and the distribution of effective stresses. 
CENTRIFUGE TEST DEVICE 
The device comprises a rigid wall cylinder cell, a hydraulic control system 
and an effluent sampling system. The device is placed in the basket platform of the 
LCPC centrifuge in order to reproduce stress states upon full scale (see Figure I). 
Figure 1. General view of the centrifuge bench. 
A downward seepage flow is applied to the specimen under a constant 
hydraulic gradient. The fluid circulates into the top of the specimen using a layer of 
glass beads to diffuse the fluid on the specimen contact interface uniformly. At the 
bottom of the specimen, the funnel-shaped draining system is specially designed to 
allow the transport of eroded parti cles. 
The cell outlet is connected with an effluent sampling system by a drainage 
pipe and a needle valve. This type of gate is chosen to enable the opening even under 
a high gravity. The draining system is equipped with a controlled vent which avoids 
the generation of a depression in the specimen induced by the outlet valve opening. 
The opening of downstream valve is realized in flight when the selected centrifugal 
acceleration is reached. 
To perform a sampling of the effluent during the test duration, a rotating 
system is developed (see Figure 2) and thanks to a camera it is controlled remotely 
from the centrifuge operator's room. 
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Figure 2. View of rotating effluent sampling system. 
EXPERIMENTAL PROCEDURE 
Tested materials 
The tested material is a mixture composed of 90% of Fontainebleau sand and 
10% of clay. The washed Fontainebleau sand has grain unit weight of 26.5 kN/m3 
and a grain size distribution within the range 0.1 mm to 0.4 mm. The clay is kaolinite 
Speswhite (grain unit weight: 26.5 kN/m3), without deflocculation its grain size 
distribution is measured between 0.5 J.!m and 0.125 mm. Figure 3 shows the grain 
size distribution of tested materials. 
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Figure 3. Grain size distribution of tested materials. 
Specimen reconstitution and test principle 
The sand is first mixed with a water content of 8 %. While mixing continues, 
power clay is progressively added. The mixture is left for 24 hours (at least) in a 
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plastic bag in order to improve the moisture homogeneity. Specimens are realized by 
compaction in 73 mm diameter cells. The reduced scale model height is within a 
range from 60 mm to 120 mm. For 60 mm height, the compaction is made in six 
layers of 25 blows with a mini Proctor rammer. The saturation phase begins by an 
injection of carbon dioxide at the specimen bottom. Saturation is completed in 
upward direction by using demineralized and deaerated water. 
The saturated specimens are then subjected to centrifuge acceleration with a 
g-level N between 10 and 60. During the centrifugation, a constant hydraulic head 
Hw (origin = bottom of specimen) is applied at the top of specimens by using 
demineralized and deaerated water. Hydraulic gradient is determined by: 
where 
. Hw N 1=--
Hm 
Rv: water height applied on the specimen top, 
N: centrifugal acceleration factor, 
Hm: reduced scale model height. 
(I) 
With the objective to take into account the influence of the test duration, the 
average rate of erosion is expressed by: 
m 
m crodcdclay 
Sd 
(2) 
where mcroded clay: cumulative dry mass of eroded clay, S: specimen cross section; 
d = test duration. 
TESTS RESULTS AND DISCUSSION 
Influence of hydraulic gradient 
Twenty tests were performed. The average erosion rate versus the hydraulic 
gradient shows a great variation of erosion rate for an identical value of hydraulic 
gradient (see Figure 4). 
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Figure 4. Influence of hydraulic gradient on average rate of erosion. 
Scale effect 
According to Li (2008)'s conclusions, the value of critical hydraulic gradient 
decreases with the specimen height. To verify this influence, the reduced scale model 
height is distinguished in Figure 5. 
For reduced scale model height of90 mm, the average erosion rate (expressed 
in mg S·1 m,2) seems to be related to hydraulic gradient by a power law which is: 
(3) 
This relation confirms the power law proposed by Bendahmane et al. (2008) 
for the maximum value of erosion rate in the case of clay suffusion: 
(4) 
where is the maximum value of erosion rate. 
mmax 
The factor 12 is higher than the factor in equation (3). This difference of 
magnitude may be due to three different reasons. Bendahmane et al. (2008) 
performed tests on different c1ayed sand. The type of sand and also the clay were 
different than materials tested in this study. Equation (4) was defined for the 
maximum value of erosion which was measured instantaneously by an optical sensor 
(Bendahmane et aI., 2008). Unfortunately this optical sensor can not stand high 
gravity . Thus the sensor could not be used for this test program and the sampling 
device leads to an average value of erosion rate for each step of the sampling. The 
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third reason is related to the greater filter pore opening size (4mm) for Bendahmane 
et al. (2008) tests. The filter opening size is an important parameter to quantify 
erosion rate and with a 0.08 mm filter opening, the critical gradient can be six to 
seven times smaller than with a 4 mm filter opening (Marot et aI., 2009). 
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Figure 5. Influence of hydraulic gradient and reduced scale model height on 
average erosion rate. 
In Figure 5 it can be noted that the critical hydraulic gradient to initiate 
suffusion (indicated by arrows in Fig. 5) decreases with the reduced scale model 
height: icr = 45 mlm for Hm = 60 rum, icr = 33 mlm for Hm = 90 mm and icr = 30 mlm 
for Hm = 120 rum. 
These values of critical hydraulic gradient confirm Li (2008) conclusions: the 
magnitude of critical hydraulic gradient decreases with tested specimen height. 
In order to study the scale effect on development of suffusion, Figure 6 plots 
the average erosion rate versus the reduced scale model height for identical value of 
hydraulic gradient and effective stress. 
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Figure 6. Influence of reduced scale model height on average rate of erosion. 
Rate of erosion appears as a function of reduced scale model height so the 
scale effect seems to influence both initiation and development of suffusion. 
Energy analysis 
The new analysis proposed here is based on a fluid energy dissipation model 
and this energy is assumed to be transformed into erosion. 
The energy equation is applied between the upstream section A and the 
downstream section B of the specimen (White, 1999). A volume V of fluid, with a 
mass M and a density p, is assumed with a surface S in contact with environment. 
The external surface of the volume is oriented by its normal vector n from fluid to 
environment. The energy equation for the fluid through the specimen can be written 
by the following equation (Regazzoni, 2009): 
and 
dE = dE Ther + dW 
dt dt dt 
(5) 
(6) 
with : ETher : energy exchange between the system and the environment; 
W: mechanical work between the sections A and B; ein': internal energy of the fluid; 
U: velocity of the fluid, components (u, v, w); g: gravity; z: coordinates 
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Three assumptions can be used to simplify the equation. The temperature 
(isothermal in time), so the internal energy (eint) are assumed constant on the volume. 
The system can be considered as adiabatic, only mechanical work (W) takes place 
between sections A and B, that can be expressed by: 
dETher = 0 
dt 
(7) 
The assumption of a steady state (locally in time) allows neglecting the 
unsteady term of the kinetic energy. Finally equation (5) becomes: 
dW =#(u2 +gzJp(U~)dS 
dt s 2 
(8) 
The total energy dissipation is the sum of energy dissipation by pressure, by 
shear stress at the interface fluid-solid and by viscosity and turbulence in the fluid 
phase. The shear stress is assumed to cause erosion, so the dissipation of total energy 
in the system can be written as: 
dW d W press ion + d W intra fluid + d Werosion 
dt dt dt dt 
The temporal derivative of work done by pressure is defined by: 
dWpression 
dt 
- #P(U n)ds 
Equations (8) to (10) lead to: 
d W intra fluid + d Werosion 
dt dt i u 2 pJ (--) - + g z + - pUn dS S 2 p 
(9) 
(10) 
(11 ) 
The flow conservation with a same specimen section on the whole length 
leads to assume the same average velocity in the sections A and B. Equation (II) 
becomes: 
d Wi:afluid + d W~~o sio n ~ g z +~ ) p(u ~)dS = Q ~P + P g ~z Q (12) 
It is assumed that the dissipation of energy is mainly transformed into erosion 
and the dissipation intra fluid is neglected. In consequence, the temporal derivative 
of mechanical work through erosion can be expressed by: 
d Werosion 
dt 
Q~P+ pg ~zQ (13) 
For convenience, the temporal derivative mechanical work by erosion is 
named erosion power. The energy dissipation is the temporal integration of the 
instantaneous erosion power for the test duration. 
With the objective to verify the energy analysis ability to avoid scale effect as 
previously described, Figure 7 presents the average rate of erosion versus the erosion 
power. 
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The linear increase of the average erosion rate (expressed in mg s-' m-2) 
according to the erosion power P (expressed in W) can be estimated by: 
• = 0.0489 P 
m 
(correlation coefficient R2 = 0_96) (14) 
For each test, the eroded clay mass and total energy dissipation can be 
determined by integration over the test duration. Figure 8 shows that the eroded clay 
mass (in mg) can be related to the total energy dissipation (E, in J) by a linear law as: 
meroded clay = 0.0017 (E -60) (R2 = 0_95) (15) 
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Figure 8. Eroded clay mass versus total energy dissipation. 
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So the analysis based on energy dissipation offers the potential for a 
consistent interpretation of suffusion tests, without significant influence of specimen 
height. 
CONCLUSION 
A centrifuge bench is developed in order to characterize the sensitivity of a 
clayey sand to suffusion process and to study scale effect. The realized study 
examines the influence of hydraulic gradient on initiation and development of 
suffusion. Using the hydraulic gradient concept, the characterization of suffusion 
depends on the tested specimen height. The difference in the results is in the 
magnitude of critical hydraulic gradient and of erosion rate. 
An energy analysis of interstitial fluid is made. By integrating over the time, 
the eroded clay mass is linearly correlated to the energy dissipation. Using the energy 
analysis, the suffusion characterization does not depend on specimen height. 
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